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ELEMENTS AND SOME OF THE RESULTS OBTAINED

by
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1. General principles on the evaluation of fire resistance.

The elaboration of a method for the correct evaluation of
the fire resistance of structural elements, particularly
elements in reinforced concrete, has acquired a considerable
importance

,

There are two contributing factors:

First, reinforced concrete occupies a preponderant situation
in buildings; second, structures of reinforced concrete are ex-
tremely varied. The use of thin-walled elements, the utilization
of metals of high elastic limit and in particular prestressed
cold-drawn steel wires HR, have a marked Influence on the tech-
nical properties of the construction, fire resistance included.

The answer to questions relative to fire resistance of
elements used in structures, and of entire buildings, cannot
be based only on trials of these elements and buildings. The
intensity of the entire fire must be studied.

The notion of the limit of resistance to fire which is
measured in hours and that of the theoretical duration of the
fire also expressed in hours must be defined. These two values
are related by a coefficient that we shall call the index of
fire resistance. It is in multiplying the theoretical duration
of the fire by this index that we obtain the value of the limit
of resistance to fire required. The real value of the resistance
of an element cannot be less than the required value. One thus
obtains the expression'* used for the computation of the fire
resistance:

R^ KqD (1)

where

:

Rp is the res-l limit of resistance to fire of an element expressed
in hours.

* Vo I, Maurochev. Resistance of structural elements to thermal
exposures

.
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D is the theoretical duration of the fire.

Kq is the index of fire resistance.

The performance requirements to which the elements are
subjected are a function of the fire duration ”D", the latter
depending on the type and on the quantity of combustible
materials and on its physical state, form and dimensions of
the rooms as well as the presence of automatic extinction
equipment and other factors.

Relationship (l) makes possible the standardization of
the limit of fire resistance of the elements of construction
for a given duration of fire by Introducing standardized
values for the index of resistance.

The value of this index for the entire building is chosen
according to the degree of non-combustibility desired, that
is to say, according to its behavior required during and after
the fire. With regard to the different elements, the choice
of values for the indices is determined by their relative
importance and by the importance of the equipment and its
various positions in the building, etc.

The value of Kq can be below or above unity in accordance
to the degree of the resistance to fire required of the build-
ing and of its various parts and elements.

In this manner relationship (l) furnishes the necessary
data in the computation of the fire resistance of the buildings
and other structures.

The experimental and theoretical research undertaken at
the Central Institute of Fire Fighting under the direction of
the author is based on the fundamental considerations given
above. These considerations, however insufficient they may
be, form the basis for the Soviet standard related to fire
fighting. (standard 102-5^4)

Present research is directed to studying the limit of
resistance to fire of building elements as well as defining
more precisely this theory in Itself. On the other hand this
research covers also the Intensity of the fire D as a function
of the different types of combustibles and the varied corjdltlons
of their combustion.
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The intensity of a fire is characterized by its auration
and by the temperature developed during the fire. During
the combustion of wood and other similar materials (paper, cloth
etc.) the temperature-time curve of a fire goes through three
general well defined phases (fig. 1)

:

Phase 1 - period of ignition during which the temperature
in the module rises in undefined fashion.

Phase II - period of Intense combustion with rapid rise
in temperature until maximum is obtained.

Phase III- period of extinction of the fire with a drop in
temperature at first rapid and then considerably
slower

.

It would be rather inconvenient to use these curves in an
experimental determination of fire resistance of buildings as
well as for the evaluation of the duration of the fire.

For this reason, a standard time temperature curve of a
theoretical fire (fig. 2) has been adopted which closely
resembles the standard time- temperature curves adopted by
other countries.

In Fig. 2 we have Included the standard curve with time
temperature curves for real fires obtained by burning 25, 50,
100 and 150 kg. of wood to a square meter of floor of a module.
The parts of these curves related to the Ignition period which
have no influence on the rise in temperature of the building
have been omitted. The conversion of the duration of a real
fire to the duration of a standard fire is performed in the
following manner: For the duration of the theoretical fire
the time for which the area under the standard curve equals
the corresponding area under the real curve has been adopted;
(see fig. 3) this duration is plotted along the abscissa and
is expressed in hours.

It can be seen that the rise in temperature of the sur-
rounding walls in fires that follow the standard curve differ
very slightly from the rise in temperature produced during a
real fire.

In obtaining the conversion, the ignition period is neglected,
and for the terminations of the real fire we chose from the
time temperature curve of the latter the point at which the real
heating begins to express a slower rate than the theoretical
heating. Experiments conducted at the Institute show that this
takes place when the temperature of the real fire lowers to
600° to 400°, fig. 3.
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In taking this data as a basis, it can be determined with
enough precision that the duration of the theoretical fire
in a residential building can be obtained in the following
manner (assuming the absence of all extinguishers)

D = T q = 0.02 q (2)
200,000

where: T is the specific heat of wood and similar materials
equal, on the average, to 4,000 Kcal/kg

q is average quantity of combustibles in kg per
square meter of floor space.

200,000 is the conventional quantity of heat in
Kcal emitted in one hr per square meter of an
area.

In the most general case, the presence of various liquid
and solid combustibles in the room, the expression represent-
ing the theoretical duration of the fire is given in the
following form:

D = f (q, o) (3)

Where

:

q is the average quantity of each type of combustible
in kg of square meter of floor

T is specific heat in Kcal/kg

(3 is the coefficient of combustion of each material
which depends on its proximity to the fire.

C is the conventional quantity of heat in Kcal
emitted in one hour and per square meter of
floor space.

V is the factor taking into account the shape, the
dimensions, and the degree of ventilation of the
considered space.

c::^ is the factor taking into account the influence
of the active extinguishing methods taken to put
out the fire, such as: automatic equipment, fire-
men in the vicinity and access to the building.
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The real limiting resistance of the structure is deter-
mined experimentally under a thermal system analagous to that
of the theoretical fire (standard). For a number of elements
the Institute has evaluated methods permitting the determina-
tion of this limiting resistance by means of computations.
Whatever may be the case a precise definition of the terms
must be found for the limiting resistance to fire of construc-
tions as a function of the services that they may furnish
ordinarily and in times of fire and one must enumerate the
circumstances denoting that this limit has been attained.

It is generally conceded that the limiting resistance
which is expressed in hours is exceeded when the element in
question ceases to be fire retardant or loses its quality
of mechanical strength during and after the fire. Up to
then the signs characterizing the limit mentioned are the
following

;

1) The appearances of breaks through which flames can
pass into the adjoining room and can then start a
fire;

2) The rise in temperature on the cold side of a wall
above the maximum temperature on the cold side of a
wall above the maximum temperature established by
standards

;

3 ) Loss of the supporting power of the element.

The two first signs mentioned are sufficiently clear and
are of Importance only during the actual fire.

The third sign requires to be studied more thoroughly,
the supporting power of an element being of extreme import-
ance not only during the fire but after.

2. Behavior of building elements during a fire and criterion
of the limiting state of its supporting power .

In modern buildings it has been demonstrated in experiments
at the Institute that resistance differs according to the
action of a fire. It follows that a precise definition
universally adopted for the limiting state of a building
element's supporting strength acquires great importance.
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The criterion of complete destruction (collapse) of an
element cannot be adopted because it does not take into
account its state preceding the immediate failure and in
particular the Irreversible changes and the loss of the
supporting strength. This quality is of extreme importance
for old buildings computed with Kq greater than 1, that is,
when the supporting strength and the rigidity must be
retained during and after the fire.

In other termSj, if we adopted the criterion of total
destruction (collapse), the structural elements developed
differently but possessing the same limiting resistance to
fire and having been submitted to the same type of fire
would not retain the same supporting strength and would not
guarantee the same security during and after the fire. The
time elapsed to total destruction is significant only for
elements calculated with Kq smaller than 1, that is to say,
for those which must only stand a certain number of hours during
the fire without being of any importance after the end of the
fire

.

Consequently, we shall adopt as the criterion of limiting
fire resistance, with regard to supporting strength and
rigidity of an element, the Increase in irreversible changes
to the point where they become unusable.

In order to explain the principles given above, we will
use the results of the experimental studies of fire resistance
of elements in, reinforced concrete (mild steel) and prestressed
concrete, (steel wire HR cold-drawn.)

In our experiments, the destruction of these two types of
elements by the action of fire started by the formation of a
plastic failure (points 0 on fig. 4), that is to say, when
because of the rise in temperature the limit of the elasticity
of the mild steel and the resistance of the steel wires HR
decreases to the value of the forces exerted during the normal
burning. At that time there are observed the opening of large
breaks in the zone of stress and a rapid Increase in the de-
formation. In fig. 4 there are reported the values for total
changes of each element composed of deflections caused by the
variation in temperatures in the section of those elements,
(reversible changes) and supplementary deflections caused by
the modification of the physical and mechanical properties
of the concrete and the steels by the action of the heat.
This last deformation is irreversible and Influences con-
siderably the evaluation of limiting resistance to fire. With
regard to supporting strength, since the larger residual de-
formations always occur simultaneously with a loss of supporting
strength, such deformations signify that the limit of supporting
has been reached.
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In order to compute this residual deformation, experiments
were undertaken during which the rise in temperatures of the
elements were stopped slightly before the formation of the
plastic failure. After the flames were extinguished, the
elements still under load were left to cool slowly at the
same rate as the oven. The experiments were conducted on
the reinforced concretes with mild steel and steel wire HR
prestressed.

The curve 1 of the fig. 5 represents the increase in total
deflection of one of the four beams tested, reinforced with
mild steel (steel No. 3 ) on which the heating was conducted
for 49 minutes and stopped three minutes before the point of
the plastic failure. The decrease in deflections is illustrated
by the curve No. 2 which is parallel to curve No, 3j the latter
represents the deformation due only to heat. If curve No. 2

is displaced to point "a" it will coincide practically with
curve 3.

The difference between the total deflections and the
changes due to heat alone furnishes the value of the residual
deflections under load due to the modifications of the physical
and mechanical properties of the materials caused by heat.
These modifications are explained by the hot flow of the metal
and of the concrete and by a change in the elastic properties
of the concrete.

In examining the curves represented in fig. 5 it is seen
that for an element reinforced with ordinary steel, the
irreversible changes constitute only a small percentage of
the total deflections up to the point where the plastic
failure occurs.

Consequently, we cannot adopt as limiting resistance with
regard to supporting strength of the elements in reinforced
concrete with mild steel, the time corresponding to the forma-
tion of the plastic failure (point 0) which Immediately
precedes the total collapse.

The curves represented in fig. 6 furnish a completely
different picture. In this figure we have plotted the total
changes and the reversible deformations of three panels re-
inforced with .preetressed wires of ultimate strength of
18,000 kg/cm^,* the first wall being heated to 313° (42 min.),
the second panel to 315° (36 min.) and the third panel to 375°
(45 min.), after which the three panels were cooled slowly
under load.
* 1 kg/cm2 = i4.22 Ib/in.^ (added in translation)
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It can be judged from these curves that the irreversible
change of the elements reinforced with prestressed steel wires
HR (difference between curves 1 and 2; 3) constitute approxi-
mately 60^ of the total changes and are developed as soon as
the heating of the metal occurs.

The beginning of the residual deflections are explained by
the hot flow of the metal submitted to very high stresses.
This reasoning is confirmed by preliminary experiments conducted
at the Institute on the hot flow of steel wire HR of 15,000
kg/cm"^ and heated to 300°, with subsequent cooling. Even at
200° the flow becomes very apparent and attains a considerable
value at a temperature of 300°. The rate of heating of the
wires is similar to the heating of the reinforcements in panels
1 and 2, After complete cooling the residual deformation due
to flow, per unit length, was equal to ,0038. Also the similar
deformation leads to a complete loss of pretension and to the
formation of Important irreversible changes of deflection. In
effect, for the ribbed panels which have been used in the
experiment described above, an elongation of the steel equal
to .0038 would result in a deflection amounting to 1^ of the
span.

Experiments conducted on the elements reinforced with
Steel of ultimate strength equal to 16,000 kg/cm^ have confirmed
these conclusions. The heating of steel to 300° resulted in a
total loss of pretension and in a reduction of rigidity to less
than 1/3 of the Initial rigidity.

Prestressed beams, after heating and cooling., behaved
under load in the same manner as non-prestressed beams.

Upon heating of the reinforcements to 220° a loss of pre-
tension equal to 50 to 55^ and a loss in rigidity of the beams
equal to 1/2 resulted.

As has already been said, one indication of the limit to
fire resistance in these elements is the formation of undue
residual deflections. In fig, 7 we have then the curves of
Irreversible changes on the elements tested as well as the
temperature of their reinforcements.





-9-

It can be noted that the residual deformations of the beams
reinforced with mild steel (curve A) increase in time pro-
portionately to the heating of the metal to the point of
deformation of the plastic failure^ that is to say to the
time when, under the heat, the limit of elasticity of the
steel falls to a value equal to the existing stresses.

In the case considered the steel had elastic limit of
2,340 kg/cm^ which decreased to 1,460 kg/cm^ (value equal
to the working stress) at a temperature of 460°. At that
time the residual deflection was only of the span,

It can then be seen that the protection of this type of
construction during and after the fire can be assured, if
that is required by the existing standards, by adopting as
an index of fire resistance the values of 1,1 to 1.2. In
this case the residual deflections cannot be any higher than

230 ~~^Eo total span and the supporting strength
of these elements after the fire would be reestablished
completely because after cooling the soft steel regains-
all of its mechanical resistance. After the fire, minor
repairs on the lower surface of the elements will be
sufficient

.

However, the deformations of the elements reinforced with
prestressed wires of HR steel curve 1, 2 and 3 of fig, 7 will
reach, at the time of the plastic failure, (450° in our case)
the much higher values of 1/50 to l/40 of the span. This
signifies that the elements become unusable for other reasons
much before the limit of resistance of the steel has reached
the existing stresses.

As we have indicated previously this comes from the loss
of pretension and of the hot flow of the metal. It follows
that for the prestressed concrete the elapsed time before
the appearance of the plastic failure cannot be adopted as
a measure of the limiting resistance to fire because this
does not guarantee the salvaging of the elements in question
after the fire if this is required by the standards.

However, for buildings of the third and fourth categories
of non-combustibility (Soviet standard) for which the salvaging
of the elements after a fire is not required, only the time
of heating before complete destruction is important in the
evaluation of the fire resistance of those elements.
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It can be seen then that the appearance of irreversible
changes is a sign which indicates that the limiting resistance
has been attained, Hovrever^ there are other factors 'which
must equally be taken into consideration. Thus the limitation
of residual deflections can guarantee security only for the
buildings which after cooling regain their supporting strength
and their rigidity. We have already shown that this is the
case for concrete reinforced with ordinary mild steel.

For concrete reinforced with steel wire HRj the element
will regain its initial supporting power only if the maximum
temperature obtained during the fire is not sufficient to provoke
the irreversible loss of strength due to cold working.

Experiments indicate that for steel of 18,000-20;, 000
kg/cm such a loss of strength becomes noticeable at 200*^.

Fig, 8 shows clearly that this loss is a function not only
of the relative value of the increase in strength obtained
by cold working but also of the thermal exposure,

A rise in temperature to 800° produces in the steel a complete
loss of resistance and reduces it to its primitive state.

Thus the loss in supporting strength constitutes the second
factor which shows that the limiting resistance has been
obtained.

Also, the irreversible loss of rigidity indicates that the
element has reached its limiting resistance. For reinforced
concrete such a loss comes from the lowering of modulus of the
concrete after heating, from a partial loss of the bond between
the concrete and the steel, and in the case of prestressed
concrete, in the loss of pre-tension.

Actually, the standards in existence in the U,S«S,R. relative
to structures made with reinforced concrete take into considera-
tion that the limit of resistance of an element is attained in
the following cases:

1, The Irreversible changes (residual deflection),
allowance being made for an initial working
deflection, reaches 0,01 of the free span,

2, An Irreversible loss of supporting power of 10^.

, An irreversible loss of rigid strength of 20^,3
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Flg. 7 shows that prestressed elements reinforced with
wires of HR steel of 18,000 kg/cm"^ reach a residual deflection
equal to 0.01 of the span when the metal is heated to 200-300°,
At 200° we observe an Irreversible loss in rigidity and in the
resistance of the steel. (see Fig. 8)

It Is evident that the admissible temperature to which HR
steel can be subjected depends on the relative value of the
supplementary resistance obtained when the wire is cold-drawn.
But the experimental data relative to elements reinforced
with steel, the resistance of which is below 15,000 kg/cm^_,

is still lacking.

Analysis of data furnished in fig. 7 indicates that at
the thickness equal to the protective thickness when the rate
of heating of the metal is the same, the limit of resistance
to fire of the supported elements reinforced with mild steel
is at least twice that of the elements reinforced with steel
wires HR of 15,000 to 18,000 kg/cm^. That is the reason the
standards (Standard 102-54) require, for the element reinforced
with wires HR, corresponding increase in the thickness of the
cover.

The experiments conducted at the Institute show also that
the limiting resistance of the elements Incased in supports
(or in the presence of adequate restraint) Increases con-
siderably if the relation between the sections of steel at
the supports and in the span is not less than 2* The. time
elapsed before collapse Increases in the ratio of 1 to 3 (see
curve 3 of fig, 4) because of redistribution of stresses which
are produced during the heating making it possible to achieve
a temperature of 800 -900 ° in the longitudinal reinforcement.

As for elements reinforced with steel wires HR of 15,000-
18,000 kg/cm'^ the limiting resistance is not influenced by
an Incasement or by the presence of a restraint because the
heating of the metal in the central sections above 300° cannot
be tolerated.

Concerning elements reinforced with welded reinforcements
of soft steel worked in the cold (6,000 kg/cm^) the limit of
resistance does not differ from that of elements reinforced
with ordinary mild steel.
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The irreversible decrease in resistance for this type
of reinforcement begins to manifest itself (above 5^) only
when a temperature of 450° is reached, (fig. 8) namely,
shortly before the finish of the plastic failure. The
residual deformations are also relatively small compared
to the total deflections because the working stress for this
type of steel (2,800 kg/cm^) is not very high. Fig. 9 shows
the total deflections and residual deflections of a ribbed
panel with welded reinforcement of cold drawn steel wires.
Heating the wires up to 490° formed an irreversible de-
flection of 13 mm which is not more than l/240 of its span.

The use of deformed steel does not Influence the limit
of resistance to fire of the concrete because an irreversible
loss of resistance of this steel does not begin to show it-
self before 500 ° (7^) namely at the time of the formation of
the break.

The experiments of the Institute have also shown that
elements reinforced with special hot rolled steel "25 GS"
(limit of elasticity 4,000 kg/cm"^) have limit of resistance
to fire slightly above those of constructions with reinforce-
ments of mild ordinary steel (steel No, 3) or with welded
mesh of steel wire of 6,000 kg/cm'^^

The formation of the plastic break did not appear until
570° and the residual deflections Just before the finish of
this break did not exceed 0.01 of the span and no irreversible
loss of supporting power was discerned.

CONCLUSIONS

1. The limit of resistance to fire of simply supported
reinforced concrete elements is attained at the moment of
the plastic failure (when the limit of the elasticity of the
pre-stressed steel is attained) , Just before the formation of
this break irreversible deflections do not exceed 0,01 of span
and the irreversible losses in supporting strength and rigidity
remain within the limits of toleration.

2, The limit of resistance to fire of prestressed elements,
also pimply supported, reinforced with steel of 15^000-18,000
kg/cm strength, is approached when the heating of the metal
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reaches 200-300 , Above 300*^ the irreversible loss in
supporting strength begins to increase at very rapid rates^
whereas at temperatures slightly above 200° the irreversible
losses in rigidity exceed the toleration affixed at 20^.
For the cold drawn steel of 8,000-12,000 kg/cm"^, the
maximum heating tolerated must be determined by further
experimentation.

3» For elements with ordinary reinforcements, restraint
at the supports permits the Increase of limiting resistance
if the relation between the effective section of steel at
the supports and on the span is not Inferior to 2. For
prestressed elements reinforced with steel HR restraint at
the supports does not produce an Increase in the limit of
resistance

.

USCOMM-NBS-DC



II



tiithpk

Figure 1 , Characteristic temperature-time
curve for a fire involving wood.
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Figure 2, Standard and experimental temperature-time curves
- - - - standard curve

experimental curves





Figure 3* Temperature variations at various depths
within a constructl9n element exposed to
both standard and experimental tests.
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Figure 7» Redldual deflections of reinforced concrete
constructions as a function of heating time
and of the temperature of the steel

A - Concrete beam reinforced with mild steel

1, 2, 3 - Ribbed prestressed panels with HR steel of
18,000 kg/cm2, strength simply supported

Ta - Temperature of reinforcement
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1. HR ^teel wire of 20^500 kg/cm^ strength d = 2.8 mm

2. HR steel wire of 18,000 kg/cm^ strength d = 2.5 nmi

3. Cold drawn steel wire of 6,000 kg/cm3 strength d = 5*0 nim

h. Cold deformed bar d = mm of ^-,900 kg/cm2 yield strength
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Figure 9» Deflections and temperature of a ribbed panel
simply supported reinforced with welded wire
fabric

‘

(span 3.10 m, cover 10 mm <3^z/(Ta - 1.7^= 6000 kg/cm^)

1. Total deflection

2» Reversible thermal deflections

fth= l2 + fo
° ho

Ta - Temperature of reinforcement
Tb - Temperature of compressed concrete
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